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Abstract 
This work demonstrates for the first time the preparation of interlayer-free silica membranes by the 
Rapid Thermal Processing (RTP) method at 630 ˚C using ES40 as a silica precursor. RTP resulted 
in water being retained inside the xerogel pores at higher temperatures, thus favouring condensation 
reactions and the formation of siloxane bridges. As a result, RTP ES40 xerogels were stronger than 
their conventional thermal processing (CTP) counterparts and also had higher pore volumes and 
surface areas. Nevertheless, RTP ES40 xerogels were characterised by a tri-modal pore size 
distribution. The majority of pores were in the microporous domain with a minor fraction of 
mesopores. Successful preparation of membranes without a conventional interlayer was dependent 
on the pH of the sol-gel, as sols with a pH 4 or 6 were able to penetrate into the -alumina substrate 
allowing strong adhesion to the support and formed a defect free top layer. The best interlayer-free 
RTP silica membrane was prepared with a pH 4 sol reaching high water fluxes of 17.8 kg m
-2
 h
-1
 at 
60 ºC and high salt rejection (>99%) for desalination of 3.5 wt% NaCl synthetic seawater. The 
dilution of the sol with ethanol also played an important role in membrane stability. Membranes 
prepared from a sol of pH 4 with EtOH:Si ratio 255:4 were stable for 120 h, but a reduction in this 
ratio to 200:4 increased the stability to 300 h. This improvement was attributed to thicker films 
derived from more viscous sols.  
 
Keywords: ethyl silicate; interlayer-free; rapid thermal processing; desalination; pervaporation. 
 
1. Introduction 
Fresh water scarcity has become one of the most pressing global problems in recent decades due to 
the impacts of a growing population, increased industrial activity and altered rainfall patterns from 
rapid climate change [1]. Desalination of the vast seawater reserves is one of the potential solutions 
to tackle this challenge. Commercially this is accomplished either through traditional thermal 
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techniques such as multi-stage flash and multi-effect distillation [2-4], or through reverse osmosis 
(RO) where static pressure is used to force water through a semi-permeable membrane against the 
osmotic gradient [5]. Currently the RO process is the gold standard of seawater desalination, though 
intensive pre-treatment is often needed to limit fouling [6]. Other techniques, such as electrodialysis 
[7, 8], capacitive deionisation [9], forward osmosis [10, 11], pervaporation [12], and membrane 
distillation [13] have enjoyed only modest commercial deployment but substantial research interest 
[14]. Membrane distillation (MD) and pervaporation (PV) are thermal membrane based desalination 
techniques where water is evaporated across a membrane, driven by a difference in vapour pressure. 
The membrane can either be non-selective as for MD or selective for water as in PV. The selectivity 
for water in inorganic PV membrane is attained by pore size exclusion, where the smaller water 
molecule is able to diffuse through microporous materials whilst molecules larger than the pore size 
are unable to permeate though the membrane. Both have attracted significant research attention in 
recent decades due to their simple, compact design, which utilises low temperatures (ideally from 
solar or waste heat) [15]. Further, MD [16] and PV [17] membranes can process highly saline brines 
(NaCl > 7.5wt%), which are otherwise unfeasible to be handled by RO membrane systems due to 
very high osmotic pressures. 
 
Typically, hydrophobic polymer membranes with a pore radius between 50-500 nm have been used 
for MD processes [18, 19] and have seen some industry commercialisation. PV has used either 
dense polymeric membranes [20] or, less commonly, inorganic membranes such as microporous 
hybrid silica [22-23] and zeolites [24, 25], or slightly mesoporous silica [26, 27] and titania [28, 29]. 
In order to avoid pore wetting, the water fluxes of inorganic membranes are generally sacrificed 
relative to desalination using MD. However, despite their market dominance, polymeric membranes 
still suffer from several issues such as swelling, scaling and poor thermal and chemical resistance, 
all of which negatively affect the membrane lifetime and performance capabilities [30]. Inorganic 
membranes, in particular silica membranes, have emerged in the membrane distillation literature for 
desalination applications. These membranes are prepared from a silica sol-gel method, which allows 
simple fabrication and can effectively tailor the pore size in the microporous (dp<2nm) and 
mesoporous (2≤dp≤50nm) regimes [31].  
 
In general, the silica membrane fabrication comprises three main procedures, (i) the synthesis of the 
silica sol, (ii) dip or spin coating the substrate with the silica sol, and (iii) further thermal treatment 
including drying and calcination. The traditional method of preparing silica membranes is by 
coating a thin silica film on the porous ceramic substrates containing a high quality smooth 
interlayer. The interlayer helps reduce the surface roughness, reduce membrane defects and prevent 
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the silica sol from penetrating too deeply into the substrate during coating [32]. Though deemed 
necessary, the coating of interlayers onto the support adds additional time and cost to the membrane 
fabrication process. Recently, Elma et al. [33] reported for the first time the production of 
interlayer-free silica membranes by carbonsing tri-block copolymers in the silica membranes. In a 
similar recent development on interlayer-free membranes, Liu et al. [34] modified the silica sol-gel 
synthesis by adding larger silica colloids or ‘seeds’ to a sol-gel solution which prevented the 
infiltration of the sol-gel into porous substrates. These membranes were prepared via a conventional 
thermal processing (CTP), where the calcination process generally follows a very slow ramping and 
cooling rates (≤ 1 ºC min-1) [35-37] to avoid thermal stress which leads to membrane defects and 
rendering the membranes ineffective for separation processes.  
 
Another recent advancement was the first demonstration of the use of rapid thermal processing 
(RTP) for amorphous silica derived membrane tubes by Wang and co-workers [38, 39]. Further 
application of RTP has also been recently reported for crystalline materials such as the preparation 
of MFI zeolite membranes [40] and silicalite-1 [41]. Although RTP has been previously 
demonstrated for small surface area alumina [42] and silica [43] membranes, the scale up of the 
RTP method to membrane tubes opened a window of opportunities to greatly reduce the production 
cost of silica membranes. For instance, CTP silica membranes require multiple coating of silica 
thin-films to reduce the number of membrane defects [44]. Coupled with CTP’s very slow ramping 
and cooling rates, CTP membranes required at least one week of production time, whilst RTP 
membranes can be synthesized in less than one day. The advancement of RTP scale up to tube 
membranes was mainly possible by replacing the conventional silica precursor tetraethyl 
orthosilicate (TEOS) with an industrial precursor ethyl silicate 40 (ES40). Essentially, ES40 is a 
partially polymerized TEOS with one to nine silica atoms per oligomer. ES40 proved to be more 
amenable to RTP techniques owing to its improved material stability during thermal consolidation. 
On account of these desirable features, the ES40 derived membranes by the RTP [38, 39] and CTP 
[45] methods in literature is still limited, and these have all been prepared on interlayered porous 
ceramic substrates. 
 
In this work, we report for the first time the preparation of interlayer-free silica membranes using 
the RTP method and ES40 as the silica precursor. This work shows that the conditioning of the 
ES40 sol-gel is paramount to synthesise high quality interlayer-free membranes directly on α-Al2O3 
porous substrates using RTP. In particular, the effects of the sol-gel pH and thermal treatment (CTP 
and RTP) on the physico-chemical properties of the silica materials were systematically investigated 
by nitrogen adsorption, thermal gravimetric analysis and Fourier transform infrared. The 
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membranes were tested using a PV desalination set up for water flux and salt rejection. Desalination 
testing conditions include varying the feed salt concentrations from pure water to brackish (0.3 wt% 
NaCl) and seawater (3.5 wt%) analogues. PV desalination experiments were also carried out at 
several solution feed temperatures (25, 40 and 60 °C) to study water mass transfer and the effect of 
temperature on the stability of the membranes. 
 
2. Experimental 
 
2.1. Sol-gel synthesis and characterisation 
Sol-gels were prepared using ES40 (Wacker Chemicals Australia Pty Ltd), distilled water, ethanol 
(EtOH, AR grade) and 1 M nitric acid (HNO3, AR grade, RCI Labscan) by dropwisely adding ES40 
into a pre-mixed EtOH/H2O/HNO3 solution under stirring at room temperature for 1 h. The initial 
molar ratio of Si (ES40): H2O: HNO3 was 4: 44: 0.4. Then ammonia solution (NH3, 25%, Merck) 
diluted in EtOH was added to adjust the pH of the solution to 1, 2, 4 and 6. The final EtOH molar 
ratio was made up to 150. The samples were named ‘pH x’, where x was the pH value of the sol 
solution. After stirring for another 2 h at room temperature, the mixture was dried in oven at 60 °C 
for over 4 days to form xerogels. Then, the xerogels were calcined in air by the RTP method: the 
samples were placed directly into a furnace preheated at 630 °C for 1 h. For comparison, 
conventional thermal processing (CTP) was also carried out for preparing xerogels using a ramp 
and cool down rate of 1 °C min
-1 
from room temperature to 630 °C in air with a holding time of 1 h. 
 
The xerogels were characterised by Fourier transform infrared (FTIR) spectroscopy performed by a 
Shimadzu IRAffinity-1 with a Pike MIRacle diamond attenuated total reflectance (ATR) attachment 
over a wavenumber range of 4000–600 cm-1. Baseline setting and peak deconvolution of the spectra 
were performed using the Fityk program based on Gaussian peaks. The intensity of siloxane peak at 
~1050 cm
-1
 was normalized to 100% for each spectrum. Nitrogen adsorption was conducted at 77 K 
using a Micromeritics TriStar 3020 instrument. Samples were degassed at 200 °C overnight before 
each measurement. The specific surface areas were calculated using the Brunner-Emmett-Teller 
(BET) method. The pore size distributions were determined from the adsorption branch of the 
isotherms using Density Functional Theory (DFT) assuming cylindrical pores with an oxide surface. 
A thermo-gravimetric differential scanning colorimetric analysis TGA-DSC1 (Mettler Toledo) was 
used for the TGA analysis of xerogel samples. The testing conditions for all measurements were set 
at air flow rate of 60 ml min
-1
 and dwell time of 60 min at 630 ºC. The ramping rates were 100 ºC 
min
-1 
for RTP and  1 ºC min
-1
 for CTP. 
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2.2. Membrane preparation and testing 
Dip-coating was conducted on macroporous α-Al2O3 substrates (supplied by Ceramic Oxide 
Fabricators, Australia), sintered at 1100 °C with ~35% porosity, an average pore size of 1.1 µm 
with a pore size distribution from 0.7 to 1.5 µm.  The  α-Al2O3 substrates were further calcined in a 
furnace at 1000 °C using atmospheric air for 8 h with a ramp rate of 5 °C min
-1
 to enhance 
mechanical strength and remove organic impurities. The substrate was dip-coated in the prepared 
sols with a dwell time of 1 min and a dipping / withdrawal speed of 10 and 5 cm min
-1
, respectively. 
The membrane was then dried at 60 °C for 30 min followed by calcination at 630 °C for 1 h using 
the RTP method as described elsewhere [38]. Once cooled, the dip-coating and calcination process 
was repeated again (i.e. 2 membrane layers in total) to reduce the risk of membrane defects. 
Morphological features of the membranes were examined using a Jeol JSM-7001F SEM with a hot 
(Schottky) electron gun at an acceleration voltage of 10kV. 
 
Desalination performance was measured using a pervaporation custom rig, shown schematically in 
Fig. 1. The outer shell of the membranes was contacted by the feed solution in a large beaker (1 L) 
whilst the inner shell (i.e. permeate line) was kept under constant vacuum (< 1 Pa). In order to avoid 
salt build up on the membrane surface, which may cause concentration polarization, the feed salt 
solution was vigorously stirred at 1000 rpm, resulting in a turbulent flow regime around the 
membrane tube. The feed saline solution was prepared from sodium chloride (Sigma-Aldrich) at 
salt concentration ranging from 0 to 3.5 wt%. The beaker containing the feed salt solution was 
placed on a hot plate and the testing temperatures were controlled via a thermocouple. The water 
vapour in the permeate line was collected in a liquid nitrogen cooled condenser to capture all the 
permeate vapour. The water flux (F) was calculated from the equation F=m/A·t, where m is the 
mass of permeate, A is active area of the testing membrane and t is the collection time. The salt 
rejection (R) was calculated from R=(Cf-Cp)/Cf × 100%, where Cf and Cp are the salt concentration 
of the feed side and permeate side, respectively, which were determined by the conductivities 
measured by a labCHEM CP conductivity meter using a standard curve. 
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Fig. 1. Schematic of the pervaporation set up for desalination. 
3. Results and discussion 
3.1. Material characterisation 
Initially the xerogels were analysed by taking into consideration of gelling methods via CTP (slow 
calcination rate) and RTP (extremely fast calcination rate). Nitrogen adsorption isotherms in Figs. 
2A and 2B show some notable trends, including: (i) pH 6 xerogels became mesoporous structures, 
with a hysteresis at 0.4<p/po<0.65, (ii) pH 4 xerogels gave type I isotherms, a characteristic of 
microporous materials, and (iii) pH 2 gave dense structures (almost no nitrogen adsorption) for both 
CTP and RTP xerogels. The pH 1 xerogels gave contrasting results with the CTP samples being 
dense, whilst the RTP samples were microporous. In all cases, the RTP method delivered xerogels 
with higher total pore volumes, irrespective of the pH or whether the structures were mesoporous or 
microporous. The DFT pore size distribution based on the nitrogen adsorption curves are shown in 
Figs. 2C and 2D. Apart from the dense samples, all samples returned a ternary pore size distribution, 
thus demonstrating the amourphous nature of porous silica derived from sol-gel process. The 
ternary pore size distribution is also in line with the work of Duke and co-workers [46] who 
reported similar distributions for silica materials derived from tetraethyl orthosilicate (TEOS) by 
using positron annihilation spectroscopy. For pH 4 and 6 samples, the overall trend is that RTP 
method led to a slightly broader pore size distribution, with more pores around the 2nm 
microporous / mesoporous cross over point than the CTP method, however the overall distribution 
profile are quite similar. 
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Fig. 2. Nitrogen adsorption (A and B) and DFT pore size distribution (C and D) for the CTP and 
RTP xerogels respectively. 
 
Fig. 3 shows the BET surface areas as a function of the xerogel pH values for CTP and RTP at 630 
ºC. Apart from the variation at pH 1 samples (also observed in Figs. 2A and 2B), there is a 
consistent trend that increasing the pH from 2 to 6 leads to an increase in surface area. The surface 
areas of RTP samples are generally higher than those of the equivalent CTP silica xerogels. For 
examples, at 630 ºC, the surface area of pH 4 and 6(RTP) xerogels were measured at  439 and 700 
m
2
 g
-1
, which are  120% (pH4) and 43% (pH6) higher than the CTP method. In order to understand 
the effect of temperature on structural formation, xerogels were also prepared by RTP at 400 ºC, 
except for pH 2 which were not considered due to their dense structural formation. It is also 
noteworthy that increasing the RTP temperature from 400 to 630 ºC consistently reduced the 
surface area of the xerogels for the pH 1, 4 and 6. This suggest that the densification of the gels is 
enhanced by thermal effects which cause an increase in the volumetric strain of the network as a 
result of further evaporation of the remaining water and ethanol from the ES40 gels [47] .  
 
  
Fig. 3. BET surface areas of CPT and RTP samples as a function of pH. 
 
The lack of porosity in the RTP pH 2 samples is interesting, though it is consistent with the CTP pH 
2 samples. It would be generally expected the production of porous materials at these acidic 
conditions for silica materials, although there is a single example of dense ES40 derived silica 
xerogels conventionally dried in an oven [48]. It should be mentioned that in that study, a different 
sol-gel preparation method with a H2O:Si ratio of 14:4 was employed, which was much lower than 
44:4 used in this work. This is attributed to the iso-electric point of silica surfaces is at 
approximately pH ~2 [31], the formation of charged silica species is at a minimum. This means that 
the silicon atoms are neither electrophilic nor nucleophilic by nature, and thus are not reactive 
towards other water or silanol species in the sol-gel system. In other words, at the point of zero 
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charge (pH ~2), there is no promotion of hydrolysis and condensation reactions, which would 
probably lead to smaller oligomeric species. On account of this process, the silica network is 
anticipated to pack more densely during thermal consolidation as evidenced by Figs 2 and 3. 
 
In contrast, basic conditions (pH 4 and 6) promote a different pathway of hydrolysis and 
condensation reactions via monomer-cluster growth process [31]. At pH 6, polycondensation of 
silica species dominated which is expected to form clusters leading to large silica particles. In 
principle, the base-catalysed sol-gel method tends to produce mesoporous silica materials, and this 
is evidenced by the broadening of the pore size distribution of both the CTP and RTP pH 6 samples 
as shown in Fig. 2. However, it is unusual that the pH 4 samples produced a microporous material 
without any hysteresis, albeit with a slight pore size broadening in the 2 to 3 nm range (Fig. 2C and 
2D). This is suggesting that, although the sol-gel pathway is governed by based-catalysed regime, 
the formation of large silica particles is still limited in the pH 4 condition. A possible explanation 
could be that, because of the lower base concentration in comparison to pH 6, that the condensation 
reactions proceeded comparatively slower yielding small silica clusters and thus less open 
microstructure. 
 
The functional groups of the microporous silica matrices were investigated by FTIR-ATR analysis. 
Fig. 4A displays a representative FTIR spectrum in the range of 1400 – 600 cm-1 for the silica 
derived xerogels. In order to further analyze the subtle differences in the chemical compositions of 
these xerogels in each series, deconvolution of the overlapping peaks was performed using the Fityk 
program. The deconvoluted peaks at ~1235 (peak I) and 1065 cm
-1
 (peak IV) are assigned to the 
longitudinal optical (LO)-transverse optical (TO) splitting mode of anti-symmetric stretching 
vibration of 6-ring siloxane, while the absorption vibrations at ~1200 (peak II) and 1150 cm
-1
 (peak 
III) correspond to the LO-TO mode of 4-ring siloxane, and the peak at ~800 cm
-1
 (peak VII) is 
assigned to the stretching mode of symmetric siloxane [49, 50], and the fitted peak at ~1020 cm
-1
 
(peak V) is attributed to the chain and sheet silicates [51]. Semi-quantitative analysis was conducted 
using the relative vibrational absorption of the uncondensed silanol (peak VI; 960 cm
-1
) to the 
condensed siloxane (major peak IV; 1050 cm
-1
) groups, of which the peak are ratio is used as an 
indicator of the degree of condensation. As depicted in Fig. 4B, the Si–OH/Si–O–Si area ratio 
varied slightly with increasing pH, though the difference is not very evident and sits within the 
range of error. However, it is noteworthy that the RTP method delivered a higher concentration of 
siloxane species as compared to the silanol groups indicating that condensation reaction is favoured. 
Or to say it another way, the CTP method produced a slightly higher concentration of silanol 
species leading to a less condensed network. The decrease of silanol groups with increasing RTP 
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temperature (uncalcined, 400 and 630 °C) demonstrates the silica structures undergo an ongoing 
process of condensation and partial densification (Fig 3) during the thermal treatment. The FTIR 
results (Fig. 4B) clearly indicate that the RTP method led to more siloxane bridges as compared to 
the CTP method. 
 
 
Fig. 4. (A) Representative FTIR spectrum with deconvoluted peaks (B) and comparative FTIR 
ratios of silanol to siloxane of CTP and RTP silica xerogels. 
 
To further understand the thermal effect during calcination, TGA results in Fig. 5 show the mass 
loss of ES40 as-prepared gels exposed of very fast ramping rates as RTP and slow ramping rate as 
CTP to simulate the respective thermal processes. It is noteworthy that the mass loss profiles differ 
significantly between CTP and RTP irrespective of the xerogel’s pH. A consistent trend in all the 
CTP samples is clearly observed at the onset of mass loss up to 100 ºC, which is mainly attributed 
to physisorbed water trapped in the porous structure of the silica films [52]. Fig. 5D shows the mass 
loss points at 100 and 630 ºC derived from Figs. 5A-C. In fact, the mass loss calculated at 100 ºC is 
constant for samples in both the CTP and RTP methods as a function of pH (Fig. 5D). The 
difference here is that the overall mass loss for RTP samples is only ~2.3 wt%, which is very 
marginal as compared that of ~17 wt% for the CTP samples at 100 ºC. There is also a mass loss lag 
of 50-75 ºC up to ~260-275 ºC for the RTP method. This lag is most likely associated with heat 
transfer into the xerogel as the RTP ramping rate of 100 ºC min
-1
 is 100 times faster than that of 
CTP method. 
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the same amount of the solvents in the initial sol preparation. Similarly, the CTP samples show the 
same pattern of volatile release but at a lower temperature of approximately 200 ºC.  
 
In principle, it could be assumed that the RTP method would cause a very fast solvent evaporation 
rates, due to the rapid exposure of very high temperatures at the onset of calcination, and should 
induce enormous capillary stresses which in turn would significantly densify the amorphous silica 
structure. However, this is not supported by the initial mass loss pattern of the RTP samples prior to 
200 ºC due to significant lag in the mass loss curve. Furthermore, the mass loss of the pH 6 RTP 
sample is significantly larger than that of the CTP counterpart, where a final mass loss of ~50% was 
observed, suggesting structural densification. Yet it is the most porous sample with the highest pore 
volume and surface area (Fig 3). Therefore, these results indicate that the matrix for this sample 
undergoes a significant degree of both chemical and physical restructuring. This is consistent with 
the FTIR results (Fig. 4B), which clearly supports that the RTP method led to an increased 
formation of siloxane bridges, which oppose capillary densification, as compared to the CTP 
method. 
 
 
Fig. 5. (A, B and C) Mass loss profiles as a function of xerogel pH, and (D) mass loss points at 100 
and 630 ˚C of RTP (100 ºC min-1) and CTP (1 ˚C min-1) xerogel samples. 
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Interlayer-free membranes containing two silica layers only were prepared by the RTP method. The 
pH 6  sols were relatively viscous and had to be diluted with EtOH just before dip-coating. This was 
necessary as the original sol viscosity was too high and produced membrane layers that were too 
thick and subsequently cracked using RTP. The best final molar ratio of EtOH:Si is 255:4 after 
dilution with EtOH. Membranes prepared with pH 1 and pH 2 failed as part of the membrane layer 
flaked off from the -Al2O3 porous substrates. For completeness these membranes were tested for 
desalination though significant pore wetting occurred at the onset of the experimental work, thus 
confirming that the pH 1 and pH 2 membranes had major, inherent defects.  Therefore, pH 4 and pH 
6 membranes with a EtOH:Si dilution of 255:4 were successfully prepared and tested for 
desalination. 
 
  
Fig. 6. Water flux (± 10%) and salt rejection (± 1%) for membranes (A) pH 4 and (B) pH 6 as a 
function of salt concentration and feed temperature. Full symbols (water flux) and hollow symbols 
(salt rejection). 
 
Figs. 6A and 6B show the desalination performance of the pH 4 and pH 6 membranes for pure 
water, brackish water (NaCl 0.3 wt%) and sea water (NaCl 3.5 wt%) concentrations. Several points 
of interest should be noted for the results in these figures. Firstly, the salt rejection is over 99% for 
pH 4 membrane irrespective of salt concentration or temperature. The same cannot be said about the 
pH 6 membrane as salt rejection decreased to 96%, though this performance is still considered very 
good. Secondly, the water flux increases as a function of temperature. This is associated with the 
vapour pressure driving force across the membrane between the feed side and permeate side. Here, 
the increase in temperature raises the vapour pressure in the feed side, producing a larger vapour 
pressure gradient and higher water flux. There is a large drop in water flux as the salt concentration 
was raised from 0 to 0.3 wt%, followed by a minor reduction for seawater (3.5 wt%) concentration. 
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This effect has been previously reported for silica membranes [53] and associated with 
concentration and/or temperature polarisation effect. This work, in addition to previous similar 
works on silica membranes, were carried out under similar testing conditions of a Reynolds number 
of ~40,000. In principle, concentration polarization should not be a concern at high Reynolds 
number in a turbulent regime [54], where the concentration of the salt on the external membrane 
surface should be approximately equivalent to the bulk. Further, the vapour pressure as driving 
force is not very sensitive to salt concentration, with the vapour pressure difference between fresh 
water and synthetic seawater being ~2% [55]. Therefore, the reduction of water fluxes observed in 
this work, as previously associated with concentration polarization, is probably attributed to the 
ability of hydrophilic silica surfaces to adsorb hydrated ions. This was demonstrated by de Lint and 
co-workers [56] for the retention of Na
+
 and Cl
-
 ions on silica membranes coated on -alumina 
substrates. Therefore, hydrated ions are likely to block the pore entrance of the microporous silica, 
and hinder the diffusion of water within the silica pores, rather than altering the driving force at the 
membrane surface. 
 
 
Fig. 7. 120 h performance of pH 4 and pH 6membranes for water flux (± 10%) and salt rejection (± 
1%). 
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Figs. 7 show extended desalination operation of the pH 4 and pH 6 membranes under various 
conditions of salt concentration and temperature. Both membranes delivered constant performance 
for each set of testing conditions until 120 h. Interestingly, the salt rejection was very high at 99% 
up to 120 h, when salt rejection started to decrease. In principle, salt does not evaporate under the 
given conditions in this work. The reason for salt being measured from the permeate water collected 
in the cold trap is associated with hydrated ions being entrained into the water vapour molecules. In 
turn, this gives indication that the ES40 derived matrix has been altered due to the interactions 
between the hydrophilic silica and water. The classical sol-gel science reported by Iler [57] 
describes that silanol groups form less rigid structures within the silica matrix which are less stable 
and interact with water molecules. Likewise silica rehydration occurs, where siloxane bridges break 
down forming silanol groups [58]. Many of these silanol groups become unconstrained and mobile 
when exposed to water, thus broadening the pore sizes of silica structures [59]. Therefore, the 
reduction in salt rejection after 120 h operation, coupled with the silanol groups (see Fig. 4), infers 
that water has irretrievably affected the silica matrix. 
 
The interlayer-free RTP membranes prepared with pH 4 gave the best sol-gel condition and the 
effect of EtOH:Si in the preparation of membranes was further investigated.  The membranes 
prepared with EtOH:Si of 200:4 and 150:4 delivered room temperature water fluxes of 1.80 and 
1.45 kg m
-2
 h
-1
, respectively, slightly lower than 2.32 kg m
-2
 h
-1
 for the 255:4 membrane (Fig. 7). In 
Fig. 8, the membrane prepared with EtOH:Si of 200:4 was further tested for 350 h operation at a 
single testing condition of NaCl 3.5 wt% at room temperature. This time the membrane was stable 
up to 300 hours delivering constant water fluxes of ~2.5 kg m
-2
 h
-1
 and ~99% salt rejection. At 350 
h the membrane failed due to pore wetting. The improved long term operation of the 200:4 
membranes was attributed to its sol-gel being slightly more viscous than the 255:4 sol, so possibly 
forming a slightly thicker silica film. Another possibility is the effect of temperature which may 
have accelerated the degradation of membranes prepared with the EtOH:Si dilution ratio of 255:4, 
when it was tested at 60 ºC for 120 h. Similar temperature degradation effect was also observed for 
alumino-silicate zeolites for desalting water [60]. 
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Fig. 8. Water flux and salt rejection (± 1%) at NaCl 3.5 wt% at room temperature for membranes (A) 
as a function of the EtOH:Si dilution ratio, and (B) EtOH:Si of 200:4 for 350 h operation. Full 
symbols (water flux) and hollow symbols (salt rejection). 
 
Representative SEM images of the cross section of the RTP interlayer-free silica membrane are 
displayed in Fig. 9. The porous  -Al2O3 porous substrates (Fig. 9a) shows smooth surface particles 
from 0.15 to 1.00 µm. The RTP interlayer-free membrane in Fig. 9b shows that a top-film had not 
been formed. Indeed, the particles on the top surface of the substrate are clearly a rough surface. 
However, the cross-section displays a deep impregnation of the sol-gel, which filled the inter-
particle spaces, though there are a few regions which show medium (0.03 to 0.11 µm) and large 
(0.20 µm) size pores. As salt rejections were very high (up ot 99%), these pores are not deemed to 
be connected, which may otherwise contribute to poor salt rejections. As such, the membrane 
structure was mainly controlled by small constrictions, below the size of larger hydrated salt ions 
Cl
-˗H2O (6.64 Å) and Na
+˗H2O (7.16 Å) [61, 62], thus hindering the passage of hydrated ions by 
pore size exclusion. Based on these results using molecular probes, the pore size distribution of the 
RTP interlayer-free silica membranes in this work ranges from the kinetic diameter of diffusing 
water molecules of 2.6Å trhough the ionic radious of the smaller hydrated ion of 6.64 Å.  
 
It is interesting to observe how deep into the porous substrates the sol-gel penetrated. This is more 
evident in Fig. 9c which shows a silica impregnation thickness of ~3.3 to ~5 µm. The impregnation 
of silica structures into the -Al2O3 porous substrate is a departure from the conventional methods 
of silica membranes by either CTP or RTP with substrates containing interlayers, where previous 
works resulted in the formation of thin-films with thicknesses of < 0.5 µm [63-65]. Apart from 
dispensing with costs associated with interlayers preparation, the RTP interlayer-free method in this 
work produced membranes in less than 3 hours with only 2 dipping-calcination cycles. This is a 
significant advantage over the CTP silica membranes, which typically require up to 10-14 days of 
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fabrication. Furthermore, this work paves the way for the preparation of interlayer-free RTP 
membranes, where further silica stability can be conferred by incorporating polymer additives or 
hydrophobic organic components as stabilizers for desalination applications. 
 
 
Fig. 9. SEM images of (A) top surface, (B) and (C) cross sections also showing the top surface of 
the RTP interlayer free silica membranes. 
 
The deep impregnation is caused the initial high capillary forces upon contact of a liquid (sol) with 
and a dry porous surface (substrate). As the solid substrate contains large pores, similar to 
capillaries, the liquid is immediately drawn into the substrate induced by the wetting force.  This is 
the force of attraction between liquid and solid and is the pressure difference across the liquid-gas 
interface as described by the well-known Laplace equation, PL = 2γ cosθ/r, where γ is surface 
tension of the liquid, θ the contact angle, and r the pore radius [66]. As time progresses, the wetting 
force is reduced as free energy of liquid-solid interface takes over, at which point an equilibrium is 
reached. Therefore, further liquid inhibition is not realised [67]. 
 
Upon the first RTP calcination, the integrity of the membrane to reject salt was not achieved, thus 
confirming an inhomogeoues pore size distribution containing several large pores leading to pore 
wetting. Superior pore size control and pore wetting avoidance was achieved upon the second dip-
coating RTP calcination, as confirmed by the high salt rejection in Fig. 6. The structural evolution 
of the membranes upon each RTP calcination are schematically represented in Fig. 10. The first dip 
coating step led to the dip impregnation of the ES40 sol-gel as observed in Fig. 9C. This led to the 
formation of a very porous silica structure. The second dip coating step led to the formation of a top 
thick ES40 silica film. This is therefore the silica layer with the molecular dimensions to reject 
hydrated ion salts by size hindrance. The interlayer-free approach using ES40-derived silica 
membranes is presented for the first time in this work. ES40 played an important role as the 
oligomeric chains of silica species are prone to undergo cluster-cluster growth and confer higher 
degree of condensation [68]. In turn, the RTP method increased the degree of condensation over the 
CTP method, as evidenced by the relative increased formation of silanane bridges (Si-O-Si) over 
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uncondensed silanol (Si-OH) groups. As a result, ES40 sol-gel synthesis in this work, coupled with 
the RTP method, led to the formation of larger silica species in the sols and stronger polymeric 
network, which were able to resist drying stresses during rapid thermal consolidation within the -
Al2O3 porous substrate. 
 
Fig. 10. Conceptual schematic of the interlayer-free RTP membrane (A) first and (B) second dip 
coating steps. 
 
The interlayer-free RTP membrane performed reasonably well against inorganic PV membranes for 
desalination delivering water fluxes as high as 18.0 kg m
-2
 h
-1
 at 60 ºC. For comparison purpose at 
sea water concentrations (NaCl ~3.5 wt%) and delivering salt rejections > 97%, water fluxes for 
best zeolite MFI-S1 membrane [60] gave 5.1 kg m
-2
 h
-1
 at 75 ºC whilst best silica (ordered hybrid 
silica [26] or cobalt oxide silica [53]) membranes reached values of ~11.0 kg m
-2
 h
-1
 at 60 ºC. 
Polymeric MD membranes tend to give higher water fluxes generally between ~35.0 and ~89.0 kg 
m
-2
 h
-1
 at 80 ºC using PFTE flat sheet membrane configuration [69, 70]. A note of caution must be 
considered when comparing membranes of different architectures and materials tested at different 
operating conditions. On one hand, MD polymeric membranes have a better performance; a 
technology that has been developed for a while. On the other hand, PV inorganic membranes 
development has taken place mainly in the last 10 years while water fluxes have improved by one 
order of magnitude, and continue to improve based on the results demonstrated in this work. 
 
4. Conclusions 
This work demonstrates for the first time the preparation of interlayer-free silica membranes by the 
RTP method. Besides the reduction in cost and time associated with interlayers preparation, the 
RTP interlayer-free method in this work produced membranes in less than 3 hours with only 2 
SilicaSubstrate particles
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dipping-calcination cycles. This achievement was realised by changing the sol-gel synthesis and 
using ES40 as a silica precursor, otherwise not achievable using the previous ES40 sol-gel method. 
RTP ES40 xerogels formed structures with high surface area and more siloxane bridges as 
compared to the analogous CTP ES40 xerogels. RTP resulted in water being retained inside the 
xerogel pores at higher temperatures, thus favouring the condensation reactions and formation of 
siloxane bridges. The pH of the sol-gel played an important role in the preparation of interlayer-free 
membranes, as pH 4 and 6 sols formed membranes with capabilities to avoid pore wetting and 
given high salt rejection. The best interlayer-free RTP silica membrane was prepared with a pH4 sol 
obtained, which reached high water fluxes of 17.8 kg m
-2
 hr
-1
 at 60 ºC and high salt reject (>99%) 
for desalination of 3.5 wt% NaCl as synthetic seawater. The dilution of the sol with ethanol also 
played an important role, as pH 4 membranes prepared with EtOH:Si ratio of 255:4 were stable for 
120 h, whilst changing this ratio to 200:4 increased the stability to 300 h. This improvement was 
attributed to thicker films derived from more viscous sols. Furthermore, this work paves the way for 
the preparation of interlayer-free RTP membranes, where further silica stability can be conferred by 
incorporating polymer additives or hydrophobic organic components as stabilizers for desalination 
applications. 
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Highlights 
 First demonstration of interlayer-free silica membrane by rapid thermal processing. 
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 Membranes prepared within 1% of time required compare to conventional process. 
 Two silica layers conferred high quality membranes reaching >95% salt rejection. 
 Sol-gel pH, H2O/Si and EtOH/Si ratio played an important role to prepare membranes. 
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